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Neutrinos in Astrophysics and Cosmology
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Neutrinos play a crucial role in many aspects of astrophysics and cosmology. Since they control
the electron fraction, or equivalently neutron-to-proton ratio, neutrino properties impact yields of r-
process nucleosynthesis. Similarly the weak decoupling temperature in the Big Bang Nucleosynthesis
epoch is exponentially dependent on the neutron-to-proton ratio. In these conference proceedings,
I briefly summarize some of the recent work exploring the role of neutrinos in astrophysics and
cosmology.
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I. INTRODUCTION
Revolutionary advances are taking place in astrophysics and cosmology motivated by the precision instruments
such as COBE, WMAP, Planck, LIGO and powerful telescopes such as Subaru and Keck. State-of-the-art nuclear
and particle physics facilities complement these powerful tools for the study of our Universe. An assessment of status
of physical sciences at the beginning of the new milenium is given by the U.S. National Academy of Sciences in
the report entitled “Connecting Quarks with the Cosmos: Eleven Science Questions For the New Century”. One of
the outstanding questions was about neutrinos: What are the masses of neutrinos, and how have they shaped the
evolution of the Universe? In this talk I will discuss aspects of this quest.
A related question, which does not seem to be related to neutrino physics at the first sight, is the origin of all the
elements around us. We know that the Big Bang Nucleosynthesis (BBN) produces hydrogen, helium, and a very small
amount of light elements such deuterium, beryllium, and lithium. Lack of stable nuclei with A = 5 and A = 8 as
well as rapidly rising Coulomb barriers after those bottlenecks prevents BBN from producing any other nuclei. These
light elements condense into population III stars, which are very big and obviously very poor in metals (astronomers’s
lingo for anything that is not hydrogen and helium). These stars rapidly burn their nuclear fuel, produce many of
the elements up to and including most-stable nuclei near iron. When they go supernova these stars then populate
the Universe with a scattering of iron group nuclei. From their ashes, population II stars, which are still rather metal
poor, are formed. Some of them go supernova and produce elements such as U. Eu, Th,.. via the rapid neutron
capture (r-process). The so-called AGB stars produce elements such as Ba, La,, Y, ... via the slow neutron capture
(s-process). Here the terms ”rapid” or ”slow” are in comparison to the weak interaction timescale.
This is a neat picture, but it has many missing pieces. Abundances of the A = 7 nuclei, calculated with the
state-of-the-art nuclear physics techniques, are 30% off the observed values. Despite many attempts, a satisfactory
explanation of this deficit is still lacking [1–4]. Similarly we do not know the astrophysical site of the r-process
nucleosynthesis [5, 6]. Several sites have been considered [7]. Among the leading candidates are neutron-star mergers
and core-collapse supernovae. As I illustrate in the next paragraph neutrinos not only play a crucial role in the
dynamics of these sites, but they also control the value of the electron fraction, the parameter determining yields of
the nucleosynthesis processes [8].
For a neutral medium with only electrons, protons and neutrons, the electron fraction is given by
Ye =
Np
Nn +Np
(1)
and satisfies the differential equation
dYe
dt
= λn − (λp + λn) Ye, (2)
where λp is the proton weak loss rate, i.e. the rate for the
νe + p→ e+ + n
e− + p→ νe + n
2reactions. Similarly λn is the neutron weak loss rate, i.e. the rate for the
νe + n→ e− + p
e+ + n→ νe + p
reactions. Equilibrium value for the Ye is obtained by setting its derivative to zero. One gets
Y (0)e =
λn
λp + λn
(3)
where the superscript zero indicates that this equilibrium value is only for a mixture which does not include any other
hadrons besides proton and neutron. A robust r-process nucleosynthesis requires rather small values of the electron
fraction. The rate for the neutrino induced reactions is
λ =
∫
σ(Eν)
dφν
dEν
dEν . (4)
Clearly not only the equilibrium value of the electron fraction but all pre-equilibrium values depend very sensitively on
the relative amounts of the electron neutrino and electron antineutrino fluxes. These amounts are in turn controlled
by the neutrino properties. In the rest of this talk I outline how particular neutrino physics components impact
various astrophysical sites. For further discussion the reader is referred to Ref. [9].
II. COLLECTIVE NEUTRINO OSCILLATIONS
Recent development of two- and and three-dimensional models for core-collapse supernovae unveil a complex in-
terplay between turbulence, neutrino physics and thermonuclear reactions. Understanding a core-collapse supernova
requires answers to a variety of questions some of which need to be answered by neutrino physics, both theoretically
and experimentally. Knowledge of high-density equation of state and neutrino interactions are crucial to investigate
the proto-neutron star. Propagation of neutrinos after they decouple from the neutrinosphere determines to what
extent they contribute to shock reheating and various nucleosynthesis scenarios. Finally detection of the supernova
neutrino burst requires a sufficiently precise knowledge of neutrino interactions with target nuclei, such as 40Ar, in
the current and planned detectors.
The progenitor star is an order of magnitude heavier than the Sun. Its core-collapse releases about 1059 MeV
of energy, 99% of which is carried out by neutrinos of all flavors. Since each neutrino carries out on the average
1 ∼ 10 MeV of energy one expects a total number of 1057 ∼ 1058 neutrinos to be released. This necessitates
including the effects of neutrino-neutrino interactions in neutrino transport [10–12]. The resulting phenomena is
termed ”collective neutrino oscillations” and could impact supernova nucleosynthesis [13, 14]. It should be pointed
out that the phenomenology of such oscillations is likely to be very rich. For example, merger of neutron stars with
other neutron stars or black holes produce, unlike core-collapse supernovae, more antineutrinos than neutrinos. In
such cases matter-neutrino resonances are possible [15].
To emphasize many-body aspects of the neutrino gas in a core-collapse supernova we introduce the creation and
annihilation operators for a neutrino with three momentum p, and write down the generators of the neutrino flavor
isospin algebras with two flavors [16]:
J+(p) = a
†
x(p)ae(p), J−(p) = a
†
e(p)ax(p),
J0(p) =
1
2
(
a†x(p)ax(p)− a†e(p)ae(p)
)
. (5)
Using the operators in Eq. (5) the Hamiltonian for a neutrino propagating through matter and interacting with other
neutrinos takes the form [16]
H = Hν +Hνν =
(∑
p
δm2
2p
Bˆ · ~Jp −
√
2GFNeJ
0
p
)
+
√
2GF
V
∑
p,q
(1− cosϑpq) ~Jp · ~Jq (6)
where the auxiliary vector quantity Bˆ is given by
Bˆ = (sin 2θ, 0,− cos 2θ), (7)
3Ne is the background electron density and δm
2 is the difference between squares of the masses associated with mass
eigenstates. As we see below, introducing this fictitious ”magnetic field” helps analogies with the condensed-matter
problems. In the above equations θ is the mixing angle between electron neutrino and the other neutrino flavor and
ϑpq is the angle between neutrino momenta p and q. This Hamiltonian assumes an adiabatic expansion of the many-
neutrino gas and gives rise to neutrino collective oscillations. For the ease of presentation in the above discussion
we only consider neutrinos of two flavors and omit antineutrinos. However, one can easily include antineutrinos
(by introducing a second set of SU(2) algebras) and three flavors (by using SU(3) algebras for both neutrinos and
antineutrinos) in this formalism.
In the limit one can average over the angles ϑpq between the momenta of the interacting neutrinos (”the single
angle limit”) the Hamiltonian in Eq. (6) takes the form
H =
∑
p
δm2
2p
Bˆ · ~Jp + 2µ ~J· ~J (8)
where ~J =
∑
p
~Jp and µ =
GF√
2V
< 1 − cosϑ >. Aside from the sign of the second term this is the same as the BCS
Hamiltonian of superconductivity. Hence in the single-angle limit, the dynamics of the neutrino collective oscillations
is analogous to that of the BCS Hamiltonian. Just like the BCS case, eigenstates and eigenvalues of the collective
neutrino oscillation Hamiltonian can be found using the Bethe ansatz technique [17]. There are also invariants of the
motion:
hp = J
0
p + 2µ
∑
p,q,p6=q
~Jp · ~Jq
δm2
(
1
p
− 1
q
) . (9)
These dynamical symmetries are present even when the CP symmetry is violated in neutrino oscillations [18]. Aside
from those symmetries neutrino-neutrino interactions lead to novel collective and emergent effects, such as conserved
quantities and interesting features in the neutrino energy spectra called spectral ”swaps” or ”splits” [19–21]. An
excat solution of the problem seems to be currently out of reach, however adiabatic solutions of the exact many-body
Hamiltonian are explored in some limited cases [22].
Beyond the single-angle approximation a commonly used approach is to introduce a mean field reducing the two-
body problem into a one-body problem:
a†a†aa⇒ 〈a†a〉a†a+ 〈a†a†〉aa+H.c. (10)
where the averages are calculated using the mean-field state. In this way, for example for Majorana neutrinos, one
can reduce the neutrino-neutrino interaction
ψνLγ
µψνLψνLγµψνL ⇒ ψνLγµψνL〈ψνLγµψνL〉+ · · · , (11)
the antineutrino-antineutrino interaction
ψνRγ
µψνRψνRγµψνR ⇒ ψνRγµψνR〈ψνRγµψνR〉+ · · · , (12)
and the neutrino-antineutrino interaction
ψνLγ
µψνLψνRγµψνR ⇒ ψνLγµψνL〈ψνRγµψνR〉+ · · · . (13)
However, in addition to those one can also have a mean field comprised of both neutrino and antineutrino fields
ψνLγ
µψνLψνRγµψνR ⇒ ψνLγµ〈ψνLψνRγµ〉ψνR + · · · . (14)
Note that symmetry principles dictate such a mean field to be proportional to the neutrino mass. This mean field
is negligible is the medium is isotropic, but can be important in a number of astrophysical sites where matter
distribution is not isotropic [23–25]. Once a mean field is introduced the resulting one-body Hamiltonian is amenable
to the standard techniques.
III. ALPHA EFFECT AND STERILE NEUTRINOS
The expression for the electron fraction in the presence of alpha particles in addition to protons and neutrons in a
neutral medium takes the form
Ye =
Np + 2Nα
Np +Nn +Nα
. (15)
4Defining the mass fraction of the alpha particles
Xα =
4Nα
Np +Nn + 4Nα
(16)
one can write the evolution equation
d
dt
(
Ye − 1
2
Xα
)
= λn − (λp + λn)Ye + 1
2
(λp − λn)Xα. (17)
Once the chemical equilibrium is reached the electron fraction takes the value
Ye =
λn
λn + λp
+
1
2
(
λp − λn
λp + λn
)
Xα. (18)
One can rewrite Eq. (18) using Eq. (3) as
Ye = Y
(0)
e +
(
1
2
− Y (0)e
)
Xα. (19)
Hence if Y
(0)
e was less than one-half before the alpha particles are formed, electron fraction will increase after the
introduction of the alpha particles. Similarly if Y
(0)
e was more than one-half before, electron fraction will decrease
after the introduction of the alpha particles. Hence the formation of alpha particles will force the electron fraction to
get closer to one-half, inhibiting r-process nucleosynthesis. Electron neutrinos captured on neutrons convert them into
protons. If the electron neutrino flux is high enough a significant number of protons thus created will catch two more
neutrons and get locked into alpha particles. Since the alpha particle binding energy is very high, a large electron
neutrino flux could then prevent r-process nucleosynthesis from proceeding. This phenomenon is known as the alpha
effect [26, 27].
One way to eliminate the alpha effect is to reduce the electron neutrino flux by allowing mixing of electron neutrinos
with sterile neutrinos since sterile neutrinos do not take part in weak interactions [28]. Indeed active-sterile mixing
could yield very low values of the electron fraction [28–30]. Furthermore, the values of the sterile neutrino parameters
which yield lowest value of the electron fraction is consistent with the neutrino parameters needed to explain the
LSND results in terms of active-sterile neutrino mixing [31]. However, recent work indicates that active-sterile mixing
with the parameters inferred from reactor anomaly [31] enables nucleosynthesis to proceed, but seems to suppress
shock reheating by neutrinos [32].
IV. NEUTRINO MAGNETIC MOMENT EFFECTS IN BIG BANG NUCLEOSYNTHESIS
With input from nuclear physics and cosmology (especially the precision measurements of the baryon density)
one can predict abundances of light elements formed in the Big Bang nucleosynthesis (BBN). Although d and 4He
observations agree with the predictions, 7Li observations are well below predictions. Considering nonthermal photons
produced in the decay of the heavy sterile mass eigenstates due to the neutrino magnetic moment, one can explore
the constraints imposed by the observed abundances of all the light elements produced during BBN. It is possible to
provide an upper limit to the magnetic moments of massive sterile Dirac neutrinos which could fix the Li problem by
imposing restrictions on the number of the additional helicity states and using the primordial helium abundance as a
constraint [33, 34].
The production of light elements in BBN is exquisitely sensitive to the weak decoupling temperature since the
neutron-to-proton ratio is exponentially dependent on it. Even if one ignores the possibility of the presence of sterile
neutrinos, the extra couplings due to the magnetic interaction in addition to the usual weak interaction couplings
alter the way active neutrinos decouple from the relativistic plasma of electrons/positrons and photons. However, the
changes in cosmological parameters from magnetic contributions to neutrino decoupling temperatures are below the
level of upcoming precision observations [35].
V. CONCLUSIONS
In this summary of a sampling of recent work exploring the role of neutrinos in astrophysics and cosmology a
number of research directions are omitted. For example, one of the puzzles of the modern physics is the apparent
5matter-antimatter asymmetry in the Universe. Consequently stars and supernovae are not CP-invariant. Conditions
under which additional CP-violation effects can be seen in supernovae are explored [18, 36, 37]. Another example is
neutrino propagation in noisy, turbulent, or stochastic media [38]. Such situations surely exist in astrophysical sites.
Various authors investigated effects of noisy background matter, stochasticity and turbulence in the Sun [39] and in
core-collapse supernovae [40, 41].
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